Summary. In the yeast Hansenula polymorpha an oxygen-requiring enzyme, alcohol oxidase, catalyzes the conversion of methanol into formaldehyde. After growth on methanol cells of the organism were harvested and entrapped in barium-alginate gels. The diffusion of oxygen towards these cells is seriously hindered by the polymer network. This caused significant changes in the kinetics of methanol oxidation by the immobilized cells as compared to that observed with cells free in suspension. The apparent K~(O2) of the immobilized cells was dependent upon the density of the cells in the alginate beads and the bead radius. Using a well-known theoretical model, originally developed to describe the kinetics of oxygen diffusion in mold pellets, the diffusion coefficient for oxygen in barium-alginate gels was estimated. This coefficient was only 25% of that in water. The model also allowed an adequate simulation of the observed kinetics of methanol oxidation by the immobilized cells.
Introduction
Alginate gels have been widely used for the immobilization of animal, plant, and microbial cells, mainly because the method is considered to be mild, inexpensive and easy to perform. However, immobilization based on entrapping cells in a polymer matrix generally suffers from at least one major disadvantage, namely that of a reduced rate of diffusion of reactants towards the entrapped biocatalyst. This has been repeatedly recognized as a rate-limiting step in the conversion of substrate, thus lowering the efficiency of the immobilized biocatalyst (Cheetham et al. 1979; Klibanov and Huber 1981; Nilsson et al. 1980; Ohlson et al. 1979; Tramper et al. 1983) . Despite this, little is known about the extent of the diffusion problems in alginate gels.
In this paper an analysis of oxygen diffusion is presented. As a model system for such an analysis we used cells of the methylotrophic yeast Hansenula polymorpha entrapped in a barium-alginate matrix.
This organism is able to utilize methanol as a carbon source for growth and contains under this condition an oxygen requiring enzyme, alcohol oxidase, for the oxidation of the C1 substrate (Van Dijken et al. 1976) . A comparison of the kinetics of methanol oxidation by cell suspensions and suspensions of alginate beads containing different concentrations of cells was performed which allowed us to estimate the diffusion coefficient of oxygen in the polymer matrix.
Materials and Methods
Microorganism, Media and Culture Conditions. Hansenula polymorpha CBS 4732 was grown in batch culture on a medium 190 0.2 cm 3 and 10 cm 3 of a vitamin/methanol solution containing per cm3: biotin, 10 ~tg; thiamine, 300 ~tg and 0.5 cm 3 pure methanol as the carbon and energy source. Cultivation was at 37 ~ C in a New Brunswick rotary shaker set at 200 rpm Cells were harvested by centrifugation in the early stationary phase at a cell density of 0.8-1.0 mg dry weight 9 cm -3. Before use, the cells were washed twice with a 100raM Tris-HC1 buffer, pH 7.5 or a 50mM K-phosphate buffer, pH 7.5.
Cell Dry Weight Determination. The dry weight values were calculated from the total organic carbon content of the cell suspensions, measured with a Model 915A Beckman Carbon Analyzer. The observed values were multiplied by a factor of 2 to give the dry weight since 50% of the cell material consists of carbon.
Immobilization and Storage Conditions. A stock solution of 2.5% (w/v) sodium alginate (BDH, Poole, UK) in water was used throughout. A known amount of cells was suspended in a volume of 500 mM Tris-HC1 buffer, pH 7.5. This suspension was used to dilute the alginate stock solution, to give a 2.0% (w/v) alginate solution in 100 mM Tris-HCl, pH 7.5. The resulting suspension was mixed thoroughly in order to obtain a homogeneous distribution of the ceils. A peristaltic pump was used to extrude the alginate-cell mixture through a Pasteur pipette into a 2% (w/v) BaCI2 solution in 100 mM Tris-HCl, pH 7.5. Small beads (0.05-0.1 em diameter) were produced by pumping the mixture through a hypodermic needle and blowing the nascent drop from the tip of the needle with a longitudinal flow of air. The beads formed immediately in the BaClz-solution and were allowed to cure at room temperature for 1-2 h. Further hardening of the beads was completed overnight at 4 ~ C. To remove excess barium-ions the beads were then washed with 100 mM Tris-HCl buffer and stored in the same buffer. Under these conditions 1 cm 3 of the 2.0% alginate mixture yielded approximately 500 mg barium-alginate beads (see below). The diameter of the beads was determined by means of a microscope equipped with a scale in the ocular. A variation in the diameter of the beads of approximately 10-20% was observed. The half-life of the methanol oxidizing activity of the immobilized cells (2 mg ceils -cm -3 alginate beads; radius 0.05 cm) was 17 days for beads stored at 4 ~ C and 10 days for beads stored at 31 ~ C. Generally the beads were used within 24 h following their immobilization.
Measuring the Weight of the Alginate Beads. The weight of the alginate beads was recorded after the removal of adherent water, by placing the beads on three layers of filterpaper for 1 rain. The water content of the alginate beads was determined by drying overnight at 75 ~ C.
Solubilization of the AIginate Beads. Calcium-alginate beads loaded with 1 mg cells -cm -3 alginate were prepared as described for barium-alginate beads except that a CaC12 solution was used. The three dimensional alginate network was disintegrated by shaking the beads for 4 h in a 0.1 M K-phosphate buffer, pH 7.5 at 20 ~ C (Nilsson et al. 1980) . The subsequent separation of cells from the remaining alginate debris by centrifugation, however, was unsatisfactory. The pellet, containing both cells and alginate, was therefore diluted in 100 mM Tris-HCl buffer, pH 7.5 and this suspension used for the determination of the remaining methanol oxidizing activity (Nilsson et al. 1980) .
Methanol Oxidation by Free and Immobilized Cells.
Oxygen consumption by free and immobilized ceils was measured with a Clark type oxygen electrode. The electrode vessel contained 4 cm 3 100 mM Tris-HC1 buffer, pH 7.5. After equilibrating the buffer with air or air/oxygen mixtures at 37 ~ C, cells (50 ~xg dry weight) or alginate beads (0.02-0.1 cm 3) were added to the electrode vessel. Subsequently the oxygen electrode was inserted into the vessel, H. Hiemstra et al.: Oxygen Diffusion in Barium-Alginate Gels leaving no gas phase in the vessel and preventing gas exchange between the buffer solution and the gas atmosphere. After recording the endogenous rate of oxygen consumption for 3-5 min, methanol (final concentration 200 raM) was added to the vessel by means of a Hamilton syringe. The decrease in the oxygen concentration in the vessel upon methanol addition was followed in time and the initial oxygen consumption rate, corrected for the endogenous oxygen consumption, was expressed as ~tmol 02-rain -1 9 -1 dry weight of cells or as ~mol 02 " min -1 -cm -3 alginate beads. During the measurements the contents of the electrode vessel was stirred continuously with a magnetic stirrer, to ensure proper mixing. This did not result in disintegration of the beads, which were quite stable mechanically and stayed fully intact.
Determination of the Apparent Ks(02) Values of Free and
Immobilized Cells. Oxygen consumption rate measurements were performed as described above. The various oxygen concentrations in the electrode vessel were established by pre-equilibrating the buffer with various amounts of pure oxygen (0.19-0.93 mM Oz at 37 ~ C) or gassing with nitrogen (0-0.19 mM O2). The reciprocals of the observed rate and oxygen concentration were plotted according to Lineweaver-Burk and the apparent Ks(02) was calculated from the best fit through the experimental points using the method of least squares.
Theoretical Considerations
The kinetic problems in oxygen-requiring processes caused by the low solubility of oxygen in water, are not limited to immobilized systems but have also been encountered in mold pellets (Aiba and Kobayashi 1971; Bharvarju and Blanch 1975) and other microbial aggregates (Ngian and Lin 1976) . The model of Aiba and Kobayashi (1971) for oxygen diffusion in mold pellets, with the minor changes suggested by Bharvarju and Blanch (1975) , has been adapted for Hansenula polymorpha cells entrapped in a barium-alginate gel. The following assumptions were made: (i) the alginate beads are spherical; (ii) oxygen is the only rate-limiting substrate. The enzyme alcohol oxidase requires two substrates namely oxygen and methanol which both can limit the reaction rate. We observed that the apparent K s -(methanol) at air saturation [(02) = 0.19 mM] is i mM for freely suspended cells and 1-2 mM for cells in alginate beads of 0.05 cm diameter containing 2-40mg cells, cm -3 alginate beads (results not shown). This is in contrast to the results of Couderc and Baratti (1980) , who reported an apparent Ks(methanol ) of 21 mM for Hansenula polymorpha cells entrapped in a polyacrylamide gel. According to their explanation this high apparent Ks(methanol) value was due to an extra diffusion barrier caused by cell wall and peroxisomal membrane. This is probably not correct because the K,n(methanol) of the purified alcohol oxidase (Van Dijken et al. 1976 ) is close to the apparent Ks(methanol) of free or entrapped cells. In the present work an external concentration of 200 191 mM methanol has been used in all oxygen consumption measurements in order to make the rate of oxygen consumption independent of the methanol concentration; (iii) the diffusion process is as described by Fick's Law; (iv) the cells are homogeneously distributed in the alginate beads; (v) there is no partitioning between oxygen in the buffer and oxygen in the alginate matrix; (vi) external diffusion of oxygen plays no role in the process. This was achieved by setting the rate of stirring by the magnetic stirrer in the oxygen electrode vessel sufficiently high (results not shown).
Using the above assumptions, we can describe the process of oxygen diffusion in the alginate matrix and oxygen utilization by the immobilized cells mathematically (for explanation see: Aiba and Kobayashi 1971; Bharvarju and Blanch 1975 The efficiency of an immobilized biocatalyst in terms of the oxidation of a certain substrate can be described with an effectiveness factor t/ (Goldstein 1976) which is defined as the ratio of the rate of oxygen consumption by immobilized cells to that of the free cells. In mathematical form this is expressed as follows:
Computer Calculations where at high concentrations of methanol
steady state / x = 0//it follows from Eq. (1)and (2 ):
Introducing the dimensionless terms y = C, x R and t3 -Ks (02) C , Eq. 3 can be rewritten as follows:
The differential equation (Eq. 6) cannot be solved analytically and therefore must be solved numerically. This was done using a 4th order Runge-Kutta method (Aiba and Kobayashi 1971 
Effect of Immobilization on Methanol Respiration
Immobilization in alginate gels is generally regarded as a very mild procedure for the cells. Usually 80-85% of the cells remain viable after immobilization (Nilsson et al. 1980 ). However, Holcberg and 
Effect of Cell Concentration in the Gel on the Rate of Oxygen Uptake
The effect of cell-loading in the alginate beads on methanol oxidation was studied in beads with a radius of approximately 0.05 cm. At the lowest weight ratio of cell-alginate tested the effectiveness factor ~7 approaches unity (Fig. 1) , indicating that there is no diffusion limitation under these conditions. However, as the cell density in the beads is increased, the effectiveness factor t/decreases strongly. Since there is no external oxygen and methanol diffusion limitation, or internal methanol diffusion limitation, in these experiments (see above) the results indicate that, with increasing cell densities in the beads, the rate of reaction becomes increasingly limited by diffusion of oxygen from the liquid through the gel matrix. The cells present in the outer layers of the beads will consume most of the available oxygen rapidly and as a result an oxygen concentration gradient develops in the bead. In beads highly loaded with cells this, most likely, even results in oxygen depletion in the core of these beads. This of course reduces the effectiveness of methanol oxidation as the cell density increases because only part of the cells present in the beads is actively engaged in the oxidation of the substrate.
Margalith (1981) reported that calcium ions in the alginate matrix had an inhibitory effect on alcoholic fermentation by yeast. For this reason we examined the effect of immobilization in alginate and the presence of various buffers and ions used during the immobilization procedure, on the methanol oxidizing activity of Hansenula polymorpha cells.
In our hands disintegration of the barium-alginate network, which is essential for recovering cells for estimating the remaining activity, was unsuccessful. We therefore used calcium-alginate gets to study the effect of the immobilization procedure on the oxidizing capacity of the cells. In addition, the effect of various buffer concentrations and ions was studied in cell suspensions (Table 1 ). The recovery of methanol oxidizing activity from the alginate gels was 91%. This observation, together with the finding that the efficiency factor approaches unity at low cell densities (< 0.3 mg cells, cm -3 alginate beads, see below), indicates that immobilization in alginate does not cause inactivation of methanol oxidizing activity. Moreover, no inhibitory effect of various buffer concentrations or barium and calcium ions (2%, w/v) on methanol respiration by Hansenula polymorpha was detectable. This may be due to the fact that alcohol oxidase is compartmentalized in peroxisomes and thus well-protected by the cell wall and by cytoplasmic and peroxisomal membranes, Figure 2 shows the relationship between the effectiveness factor J? and the cell density in alginate beads, with a radius of approximately 0.05 cm, as a function of the diffusion constant for oxygen in the alginate matrix. These curves have been calculated using the model and the kinetic parameters of free cells. In this figure the experimental data have also been plotted. The results show that a curve calculated for a p value of approximately 0.25 gives the best fit with the experimental observations. For cell densities less than 2 mg cells 9 cm -3 alginate and more than 15 mg cells 9 cm -3 alginate, a deviation from the curve forp = 0.25 is seen. An explanation for this cannot be given at the moment but, most likely, p is not completely independent of the cell density.
Determination of the Diffusion Constant for Oxygen in the Alginate Matrix
The observed p value of 0.25 corresponds to an oxygen diffusion coefficient in the barium-alginate gel of 7.10 -6 9 cm 2 " s -1. Since the water content of the alginate beads is approximately 95%, it is clear that the alginate network surrounding the cells constitutes an important barrier for the diffusion of oxygen. Comparable low values for the diffusion coefficient of oxygen have been determined for various microbial aggregates (see Ngian and Lin 1976) . Figure 3 shows the relationship between the external oxygen concentrations and the rate of methanol oxidation by beads of two different diameters containing different concentrations of cells. The curves have been calculated using the above model, the kinetic parameters of free cells and an oxygen diffusion coefficient in alginate of 7.10 .6. cm 2. s -1. From these curves the apparent Ks(O2) values were derived. It is also possible to determine the apparent Ks(O2) values under these conditions experimentally. The results of these measurements, plotted according to Lineweaver-Burk, are shown in Fig. 4 a Comparable results were obtained when the calculations were performed using the calculated values of Ks(O2) b The other parameters used are given in the Legend to Fig. 3 Secondly, as indicated in Fig. 1 for an oxygen concentration of 0.19 raM, the experimental error in the determination of 0 2 consumption rates by the immobilized cells varies between 10-20%. Thirdly, the experimental apparent Ks(O2) values have been obtained from Lineweaver-Burk plots using the assumption that a linear relationship exists between the reciprocals. However, Engasser and Horvath (1973) showed that for entrapped cells or enzymes this is not always the case, particularly not at high oxygen concentrations so that apparent Ks values can only be accurately obtained from such plots by extrapolation from very low substrate concentrations. Unfortunately, oxygen consumption measurements at low oxygen concentrations may give large errors. .For these reasons we neglected possible deviations from a linear relationship in the Lineweaver-Burk plots.
A Comparison of Experimental and Calculated Values of Apparent Ks(02) for Beads of Various Dimensions

Pseudostability
The preceeding results show that an increase in the cell density contained in the alginate beads causes a decrease in the effectiveness factor ~7 because trans-port of oxygen towards the biocatalyst becomes rate-limiting. In addition, this results in an increase in the apparent Ks(O2). In the course of time a decrease in the catalytic activity of these alginate beads may be expected due to inactivation of the methanol-oxidizing system in the entrapped yeast cells. Assuming homogeneous inactivation in the alginate beads this will result in a steady decline in the rate of oxygen consumption by the beads. However, a consequence of this decrease in the amount of biocatalyst is that the apparent Ks(O2) decreases (Table 2 ). This phenomenon was studied in more detail by a calculation of the rates of oxygen consumption by immobilized H. polymorpha cells at various cell densities and bead diameters. The data presented in Table 3 show that a 20-fold decrease in cell density (for instance via inactivation) results in only a 3-to 7-fold decrease in the oxygen consumption rate. This shows that the stability of the methanol oxidizing capacity in the beads cannot be estimated accurately from measurements of the decrease in the rate of oxygen uptake of suspensions of beads with time. If such a procedure is adopted, it will lead to an overestimation of the number of active cells, a phenomenon which is called pseudostability. The obvious explanation for these observations is that in the course of time, during the inactivation process the effectiveness factor t] increases (compare Fig. 1) , either because the rate of reaction becomes less strongly limited by diffusion of oxygen into the alginate beads, or that a larger part of the immobilized cells now becomes actively involved in methanol oxidation, or both. A method for separating pseudostability from real stability for an immobilized enzyme system has been described by Oshima and Harano (1981) .
Conclusions
(i) Cells of the yeast Hansenula polymorpha immobilized in barium alginate retain the ability to oxidize methanol. The effectiveness factor approaches unity at low cell densities in the beads but decreases strongly at the higher cell densities. (ii) Using a theoretical model for oxygen diffusion the oxygen diffusion coefficient in a barium-alginate gel has been estimated. The diffusion coefficient in the alginate matrix is only 25% of the value in water. (iii) Oxygen diffusion through the alginate matrix to H. polymorpha cells influences the kinetics of methanol oxidation of the immobilized cells, but also affects stability measurements (pseudostability).
The apparent Ks(Q2) of the alginate beads containing H. polymorpha cells depends on the cell density and the radius, whereas the apparent Ks(methanol), at a methanol concentration of 200 raM, is independent of the cell density in the beads. (iv) On the basis of the theoretical model, the experimental kinetic parameters of free cells and the oxygen diffusion constant in alginate gels it was also possible to predict the kinetic behaviour of the immobilized cells. (v) Theoretical calculations show that a decrease in the amount of active cells in the alginate gel does not give a corresponding decrease in the rate of oxygen consumption of the immobilized cells. This phenomenon is called pseudostability. (vi) One of the criteria for the practical use of an immobilized system must be a high rate of conversion. Which conditions must be met in case of an oxygen requiring system? Firstly, in order to reduce the effect of oxygen diffusion problems the beads must have a radius as small as possible. Secondly, the beads must be loaded highly with cells. Such systems will have a low efficiency and a high apparent K s for oxygen but they show the highest oxygen consumption rate. In such systems the effectiveness factor will increase when in the course of time inactivation occurs.
